Purpose: To evaluate variability in right ventricular-to-left ventricular (RV/LV) diameter ratios introduced by differences in measurement methods and the subsequent influence on the accuracy of predicting outcomes for patients with acute pulmonary embolism (PE).
T he right-to-left ventricular (RV/LV) diameter ratio measured from computed tomography pulmonary angiography (CTPA) images has been extensively evaluated [1] [2] [3] [4] [5] [6] [7] to determine prognosis in patients with acute pulmonary embolism (PE). The largest body of literature uses 4-chamber reformatted images [1] [2] [3] [8] [9] [10] to measure the RV/LV diameter ratios, although there is growing evidence to support measurement based on axial images alone. 5, 7, [11] [12] [13] There are multiple postprocessing methods to generate the 4-chamber view. For example, reformations using a single oblique technique usually focus on LV landmarks 14 and geometrically assess LV function. Because the RV and LV are not symmetric, this method, in theory, is not best suited to maximize the RV diameter. 9 Double oblique methods inherently use 2 oblique planes, 9, 15 and, in general, these methods create an intermediate short-axis image before generating a 4-chamber view to confirm that the RV diameter is maximized. Double oblique methods have several variations with different approaches to obtain the intermediate short-axis image. To our knowledge, no published data exist regarding potential variability in the RV/LV diameter ratio introduced by differences in measurement methods. The purpose of this study was to evaluate this variability and assess its influence on the accuracy of predicting outcomes in patients with acute PE.
MATERIALS AND METHODS

Study Population and CT Protocols
Our Institutional Review Board approved this Health Insurance Portability and Accountability Act-compliant study; informed consent was waived. We retrospectively evaluated 236 consecutive patients diagnosed with acute PE by CTPA performed over a 10-month period beginning February 2009 at a single, urban, academic institution. Twenty-one patients were excluded because of poor image quality: 13 with severe motion artifacts, 6 with poor contrast enhancement, and 2 in whom the craniocaudal field of view did not include the entire LV and RV. In addition, we excluded 15 patients with cardiac pacemakers because wires obscured delineation of the chamber borders. The remaining 200 patients were included in the analysis. The mean age was 60 ± 16 years (range, 22 to 89 y); 87 of the 200 patients were male.
CTPA was acquired using 16-slice and 64-slice scanners (Siemens Healthcare, Erlangen, Germany). The section thickness of the axial images was 1.0 mm. Imaging parameters were 80 to 120 kVp and effective mAs of approximately 200. A volume of 75 mL of iodinated contrast media (370 mg iodine/mL) was administered for all patients by means of a power injector at a rate of 3 mL/s. Image acquisition was triggered with bolus tracking on the main pulmonary artery with a threshold of 80 Hounsfield Units.
Image Postprocessing and Measurements
After image data were anonymized, 4-chamber reformations were performed and measurements were taken on a dedicated workstation (Vitrea 4.5; Vital Images, Minnetonka, MN) by a radiologist with 5 years of experience in cardiovascular imaging. For each patient, 3 sets of RV and LV diameter measurements were obtained, corresponding to 4ch-1, 4ch-2, and 4ch-3.
The 4ch-1 method is a single oblique technique. First, the LV apex was identified and marked with a cross-hair in the true axial, sagittal, and coronal planes (Fig. 1A) . Next, using true sagittal images, an oblique line was drawn between the LV apex and the midpoint of the mitral valve (Fig. 1B) . This line defined a 4-chamber view, and the 4ch-1 RV/LV diameter ratio was obtained from these views (Fig. 1C) .
The 4ch-2 and 4ch-3 methods are double oblique techniques. The 4ch-2 reformation process started from the last image of the 4ch-1 postprocessing. A second oblique line, perpendicular to the long axis of the LV, was placed to define short-axis images. Using this short-axis projection (Fig. 1D) , the entire curvature of the RV free wall (tricuspid valve to apex) was assessed to identify the largest RV diameter, and the line defining a 4-chamber view was adjusted (Fig. 1E ) to include the maximum RV diameter. The 4ch-2 RV/LV diameter ratio was obtained from these views (Fig. 1F) .
The 4ch-3 method required first placing an oblique line passing through the center of the mitral valve and the LV apex (Fig. 1G ) on true axial images to create a 2-chamber view (eg, an LV vertical long-axis plane). From the 2-chamber view (Fig. 1H ) a second oblique line was aligned, perpendicular to the long axis of the LV, to generate short-axis images. As with the 4ch-2, the entire curvature of the RV free wall was then assessed to identify the largest RV diameter. The 4-chamber images including maximum RV and LV diameters were defined from which the 4ch-3 RV/LV diameter ratio was obtained (Fig. 1I ). For all 3 datasets, RV and LV diameters were manually determined as the maximum distance from the interventricular septum to the endocardial border, perpendicular to the long axis of each ventricle.
The RV/LV diameter ratio was also measured from the axial images used to interpret the CTPA for PE. A 50-year-old woman with acute PE. RV/LV diameter ratios for the 4ch-1, 4ch-2, and 4ch-3 datasets are 0.78, 0.96, and 0.94, respectively. The 4ch-1 method (A-C): the LV apex is first identified on the original axial, sagittal, and coronal planes (A), after which an oblique line (solid line) is drawn between the LV apex and the midpoint of the mitral valve on the sagittal plane (B). This line defines a 4ch-1 view (C). The 4ch-2 method (D-F): on the 4ch-1 view (C), a second oblique line perpendicular to the long axis of the LV is placed to define a short-axis view (D). Note that the solid line on the short-axis view does not represent the maximum diameter of the RV at first, and therefore the solid line is rotated with the cross-hair fixed at the center of the LV (E) so that the 4ch-2 plane includes the maximum RV dimension (F). The 4ch-3 method (G-I): on the true axial plane, a first oblique line (solid line) is placed to pass through the center of the mitral valve and LV apex (G). This creates a 2-chamber view (H) where a second oblique line (solid line), perpendicular to the long axis of the LV, is placed to generate a short-axis view. After identifying the largest RV diameter on the short-axis view, another oblique line including maximum RV and LV diameters is drawn to create the 4ch-3 view (I).
Maximum RV and LV diameters were defined manually as the maximum distance from the interventricular septum to the endocardial border; the largest RV and LV diameters were typically at different craniocaudal levels.
To evaluate interobserver variability, a second imager with 5 years of experience in cardiovascular imaging, who was unaware of the study hypotheses, repeated the same reformation and measurement steps for 30 randomly chosen consecutive patients from among the 200 patients.
Patient Outcomes
Using the social security death index and institutional electronic medical records, the following outcome data were acquired for each patient: death within 30 days of CTPA, cause of death, and "intensive therapies" performed during the initial hospitalization, defined as: cardiopulmonary resuscitation, mechanical ventilation, vasopressor therapy for systemic arterial hypotension, thrombolysis, catheter intervention, or surgical embolectomy. 1, 10 The cause of death was classified as "PE-related" when the medical records clearly stated the cause of death as "PE" or "acute respiratory failure." No patient was lost to follow-up.
Statistical Analysis
RV and LV diameters and the RV/LV diameter ratio are summarized using median values with 95% confidence intervals. The nonparametric Friedman test was used to compare these measurements between the 4ch-1, 4ch-2, 4ch-3, and axial datasets. When this test reached statistical significance, a separate pairwise Wilcoxon signed-rank test was conducted among the 4 datasets; Holm-Bonferroni correction was applied to set a statistically significant P value for this pairwise comparison.
To evaluate interobserver agreement for the RV/LV diameter ratio, comparison by Wilcoxon signed-rank test and calculation of Spearman rank correlation coefficients were performed for all 4 datasets.
Between those patients with versus without PE-related 30-day death, with versus without a composite event (PErelated 30-d death or any of the intensive therapies), and with PE-related 30-day death versus with a composite event, RV/ LV diameter ratios were compared using the Wilcoxon ranksum test for each measurement.
Receiver-operating characteristic (ROC) analysis compared the accuracy of the RV/LV diameter ratio between 4ch-1, 4ch-2, 4ch-3, and axial datasets for predicting PE-related death in 30 days and for predicting a composite outcome of PE-related 30-day mortality or the need for 1 or more intensive therapies. When the comparison among the 4 methods reached statistical significance, separate pairwise comparisons were made among the 4 datasets using HolmBonferroni correction. ROC analysis data were also used to check test characteristics (sensitivity, specificity, positive predictive value, and negative predictive value) of each dataset at 0.9 and 1.0 cutoff points of the RV/LV diameter ratio to predict outcomes. Statistical analyses were carried out using a commercial statistical package (STATA, College Station, TX).
RESULTS
Variability in Measurements
Although there was no significant difference in LV diameters among the 4 measurements (Fig. 2) , RV diameters from both of the double oblique methods and axial dataset (median RV diameters for 4ch-2, 4ch-3, and axial = 46.8, 46.6, and 47.3 mm, respectively) were significantly (P<0.001) greater than the 4ch-1 RV diameter (median: 43.7 mm). The longer RV diameter from these measurements led to significant (P<0.001) differences in RV/LV diameter ratios for pairwise comparison between 4ch-2 (1.01) versus 4ch-1 (0.93), 4ch-3 (1.02) versus 4ch-1, and axial (1.03) versus 4ch-1 datasets. There was no statistically significant difference in RV diameters and RV/LV diameter ratios among 4ch-2, 4ch-3, and axial datasets.
With regard to the 30 patients evaluated by 2 observers, there was no significant difference in RV/LV diameter ratios between observers among the 4 datasets ( Table 1) . Correlations between observers were excellent for all datasets (r = 0.902, 0.920, 0.925, and 0.881 for 4ch-1, 4ch-2, 4ch-3, and axial datasets, respectively; P<0.001 for all correlations).
Outcome Prediction
Thirty-three (17%) patients died within 30 days of CTPA; death was PE related in 23 patients. Among patients who survived for 30 days, 13 required one or more types of intensive therapy (Table 2) .
Median RV/LV diameter ratios for positive and negative events are summarized in Table 3 . RV/LV diameter ratios were significantly higher in cases with positive events for all 4 datasets, except for the 4ch-1 reformatted images regarding PE-related 30-day death (P = 0.437). The differences in RV/LV diameter ratios between those with PE-related 30-day death versus those with a composite event were not significant.
Compared with 4ch-1, the other 3 measurements resulted in an RV/LV diameter ratio that more accurately predicted PE-related death within 30 days (area under curve: 0. (Fig. 3 ). There were no significant statistical differences among 4ch-2, 4ch-3, and axial datasets in the accuracy for predicting both outcomes. Table 4 summarizes the sensitivities, specificities, positive predictive values, and negative predictive values of each measurement for predicting outcomes at 0.9 and 1.0 cutoff points.
DISCUSSION
Our results show that double oblique methods that use intermediate short-axis images to maximize the size of the RV cavity predict patient outcomes better when compared with single oblique methods based only on LV morphology. Two different approaches to reach short-axis images have no effect on RV/LV diameter ratios. If the radiologist chooses to perform a 4-chamber reformation to report the RV/LV diameter ratio, a double oblique method should be used as opposed to a single oblique method. However, neither of the double oblique 4-chamber methods evaluated in this study was considered superior to measurements based on axial images alone.
Echocardiography remains the reference standard for evaluating RV dysfunction after acute PE, 16, 17 and, despite operator dependence, real-time cine evaluation of FIGURE 3. ROC curves for RV/LV diameter ratios in the 4ch-1, 4ch-2, 4ch-3, and axial datasets. The RV/LV diameter ratios in the 4ch-2, 4ch-3, and axial datasets are significantly more accurate than that in the 4ch-1 dataset for predicting both outcomes. A, ROC curve for PE-related death within 30 days. B, ROC curve for a composite outcome including PE-related death in 30 days or the need for intensive therapies. AUC indicates area under curve.
the RV is usually possible. However, for 2-dimensional echocardiography, the complex RV structure may result in incomplete visualization. 18 The main advantages of CTPA are that the field of view usually includes the entire heart, and the vast majority of patients with acute PE have CTPA images. 19 Despite the considerable and growing CTPA literature that studies RV dysfunction, to our knowledge, no study has investigated variability in RV/LV diameter ratios introduced by differences in 4-chamber postprocessing. These data are important missing components from the perspective of the postprocessing itself and also in the evaluation of prognosis for PE patients. Multiple postprocessing algorithms provide a 4-chamber view, but the detailed image reformation methods are often omitted from clinical research reports. As noted by Lu et al, 9 the noncylindrical RV cavity introduces more variability in chamber diameter measurements compared with the LV. In addition, when the RV cavity dilates, as with RV dysfunction induced by acute PE, the axis of maximal dilatation typically does not correspond to LV standard axes. This study uses outcome data to confirm the hypothesis that CTPA 4-chamber reformations based only on LV morphology are suboptimal to obtain prognostic information for patients with acute PE.
Methods that use intermediate short-axis images allow examination of the entire curvature of the RV free wall to identify the largest RV diameter. The so-called double (or multiple) oblique methods are frequently used clinically, and they generally use intermediate short-axis images before generating a 4-chamber view. The 2 double oblique methods evaluated had comparable prognostic information, suggesting good reproducibility even with different short-axis approaches.
As more data on measurements based on axial images alone become available, the discussion on 4-chamber reformatted images may become moot. The RV/LV ratio measured from axial images alone is simpler to report, does not require postprocessing software, and based on this population does not provide inferior prognostic information when compared with the 4-chamber methods. Although there are an increasing number of studies that evaluate the RV using standard axial datasets, 5, [11] [12] [13] 20 many imagers and referring clinicians prefer 4-chamber reformatted images because they closely resemble standard echocardiography. 2 Moreover, some studies report that 4-chamber reformatted images are superior to axial images in identifying high-risk patients. 2 Additional studies with larger populations will be needed to compare prognosis using double-oblique 4-chamber reformatted images with that obtained from axial images alone.
Ventricular area and volume measurements can also be used to evaluate RV dysfunction. Kang et al 15 reported that volumetric determination of the RV volume/LV volume ratio is the least user-dependent and most reproducible; however, volumetric measurement is a more cumbersome and time-consuming method compared with ventricular diameter measures. 10, 15 Determining the sensitivity and specificity of RV/LV diameter ratios inherently includes cutoff values to identify those patients with an abnormally large RV. This imposes a complexity for the analyses, as different cutoff values will influence the results. Previously recommended cutoffs for RV/LV diameter ratios measured on 4-chamber reformatted images vary from 0.9 to 1.0. [1] [2] [3] 11, 12 The most comprehensive approach evaluates the continuous function of sensitivity and specificity for the spectrum of potential cutoffs. However, this scientifically rigorous approach has limited practical value because the ideal cutoffs typically range between 0.9 and 1.0, and in daily practice it is practical to use either 0.9 or 1.0. Thus, we showed sensitivity and specificity of each strategy for 0.9 and 1.0 cutoffs (Table 4 ). These analyses revealed that 1.0 is an appropriate cutoff point for the 4ch-2 and 4ch-3 datasets, and 0.9 achieved a balanced sensitivity and specificity for the 4ch-1 data. This result suggests that variation in recommended cutoffs (eg, 0.9 to 1.0) in the previous literature might reflect differences in the reformation strategies, in addition to potential differences in the characteristics of patient populations.
High correlation coefficients between observers have been reported for 4-chamber RV/LV diameter ratio measurements (r = 0.753 from Quiroz et al 2 and 0.85 from Kang et al 15 ). Kang et al 15 argue that interobserver variability in 4-chamber reformations likely reflects the variability incurred by using workstation manipulations: for example, slightly divergent planes chosen by different observers. Our interobserver correlation coefficients were excellent for all three 4-chamber datasets, with 4ch-1 (r = 0.902) being slightly lower than 4ch-2 (r = 0.920) and 4ch-3 (r = 0.925). We suggest that variability in 4ch-1 data is derived from inconsistency in locating the LV apex and the midpoint of the mitral valve. The variability in locating each plane must exist in the 4ch-2 and 4ch-3 methods. However, both methods include intermediate short-axis images that enable the observer to directly check RV morphology and then maximize RV diameter, in theory decreasing the variability compared with methods that do not use the short-axis view.
We acknowledge study limitations. First, we did not compare CT measures of RV dysfunction with echocardiography because data were not available. As our goal was to compare the accuracy of different 4-chamber reformation methods, incorporation of data from other modalities would not have changed our conclusions. However, we admit that echocardiographic measures of RV function are rapid and accepted as an important metric for the determination of clinical treatment. Second, we only included 3 different 4-chamber reformations in this study. There may be other reformation methods used clinically, but we considered these 3 methods as being currently representative.
In conclusion, for patients with acute PE, double oblique 4-chamber reformation methods that use intermediate short-axis images to optimize RV size predict outcomes better when compared with methods that use single oblique methods and are comparable with those obtained from axial images.
